Polyamines are new plant growth regulators and intracellular messengers that regulate plant growth, development, and responses to abiotic environmental stresses. However, little is known about the impact of different polyamines on physiological and biochemical processes of field-grown plants exposed to water deficit stress. A two-year field experiment was conducted as a split-plot based on a randomized complete block design with four replications. Water treatments (Irrigation after 70 and 170 mm evaporation from class A evaporation pan) were assigned to main plots, and foliar application of polyamines including Putrescine, Spermidine and Spermine (at 0 and 0.1 mM) was apportioned to subplots. Average of two years results showed that compared with control, water stress significantly (P < 0.05) reduced adenosine three phosphate (ATP), chlorophyll content index (CCI) and chlorophyll stability index (CSI), rubisco activity, efficiency of photosystem II (Fv/Fm), endogenous polyamine contents, membrane stability index (MSI), nitrogen (N 2 ), potassium (K + ), calcium (Ca , and grain yield, while decreased ROS level and MDA content. Compared with the other polyamines, Putrescine showed better effects on physiological, biochemical and agronomical performance in mung bean plants under both irrigation treatments.
Introduction
Grain legumes, including pigeon pea, chickpea, cowpea, lentil, dry pea, and mung bean are the major dietary source of protein for vegetarians, and constitute an essential part of the daily food in various forms worldwide. The mung bean (Vigna radiata L.), also known as green gram, has been mostly grown in Asia, Africa, Australia, South America and united states. It is one of the most nutritious grain legumes used in many regions of the world. Although mung bean is a moderately drought-tolerant crop and performs fine under low soil moisture, severe water stress can result in yield loss (Butt and Batool, 2010) .
In a great part of the farming areas in the world, water deficit is an important factor limiting growth and productivity of the crops. Water stress occurs when water potentials in the root zones are sufficiently negative to reduce water accessibility to sub-optimal levels of plant growth and development. Under both the wild and cultivated conditions, plants often experience a multitude of environmental perturbations such as drought. A large proportion of the world agronomy depends on rainfall for watering, as good quality of water source is highly limited or unpredictable. In many of such arid regions, crops are frequently affected by severe drought. Drought stress causes a significant reduction in plant water uptake and cell turgor potential, resulted in reduced growth and productivity (Baiazidi-Aghdam et al., 2016) . Photosynthesis and cell growth are the most essential processes which are affected by osmotic stress. At the water deficit, plant leaves are dehydrated, and subsequently photosynthesis is reduced. The reduction in photosynthesis of dehydrated leaves is frequently caused by the decline in stomatal conductance and transpiration (Limousin et al., 2010) . As a result of the decreasing in transpiration rate, leaf temperature increases, leading to the combination of heat and drought damage. In such conditions, the increase in the activity of chlorophyllase (the key enzyme in chlorophyll metabolism) and reduction in adenosine triphosphate (ATP) in plant cells reduced the photosynthetic activities. Furthermore, water deficit inhibited the photosynthetic enzymes activities such as Ribulose-1,5-bisphosphate carboxylase (rubisco) and affected the crop productivity. Decrease in rubisco activity can therefore be caused by a reduction in rubisco protein content, inhibition of the carbamylated enzyme, or an increase in non-carbamylated rubisco forms (Flexas et al., 2006) . Reduction in photosynthesis at the molecular level is associated with the limited electron transport ) and hydrogen peroxide (H 2 O 2 ) is excessively produced. ROS can hurt cell membranes, nucleic acids, and proteins, affecting metabolic imbalances in plants. Water stress also may damage cell membranes through leakage of the free radicals and depletion of enzyme activities, causing lipid peroxidation with consequent over production of malondialdehyde (MDA) (Mohammadi et al., 2008) . MDA is a secondary breakdown and final product of lipid per-oxidation process, and widely accepted mechanism for estimating lipid peroxidation and oxidative damage in plant cells and tissues. At the same time, plants produce a diversity of antioxidant molecules that counteract the excessive generation of ROS in response to water deficit stress (Munne-Bosch and Penuelas, 2003) .
Polyamines, one of the oldest groups of natural compounds, exist in almost all living organisms and play vital roles in many physiological processes such as cell evolution and development, and response to environmental stresses such as water deficit. Also, these growth substances are involved in the regulation of many basic cellular processes, including transcription, DNA replication, translation, modulation of enzyme activities, cell proliferation, membrane stability, cellular cation balance and ATP synthesis. The putrescine, spermidine and spermine are the main polyamines in plant cells. Many studies exhibit that polyamines could act as cellular signals involved in cross talk with hormonal pathways such as abscisic acid regulation of abiotic stress responses (Mustafavi et al., 2018) . A striking increase of polyamines occurs under the deprivation of cations such as K + and Mg
2+
. Although, according to the literature, polyamines appear to be essential growth regulators, their precise physiological function and mechanism of action remain still unknown. Thus, the objective of the present research was to elucidate the influence of polyamines on physiological and biochemical parameters of mung bean under drought stress.
Material and Methods

Experimental conditions
Two farm experiments were conducted as a split-plot factorial experiment in a randomized complete block design (RCBD) with four replications at the Agricul- and Spermine (0.1 mM), and control (without using polyamines) were allocated to subplots. 
Adenosine triphosphate content in plant cells
The total adenosine triphosphate (ATP) content was recorded weakly [(begins from the first day after spraying), in all of the tested parameters, last day of data recording was the end of the seed maturation stage (about 68 days after last spraying)] by luciferinluciferase assay using a Luminometer (model: novalum, Charm Sciences, Lawrence, Massachusetts, USA). The ATP of cells was extracted in 2 mM ethylenediamine tetraacetic acid (EDTA) with 4% trichloracetic acid (TCA) (Larsson and Olsson, 1979) .
Chlorophyll content index and Chlorophyll stability index
Chlorophyll content index ( Two weeks after the last spraying, the chlorophyll stability index (CSI) was estimated spectrophotometricaly using the method of Koleyoreas (1958) (100 Conc UV Visible Spectrophotometer, Varian, California, USA).
Efficiency of photosystem II
At the end of the seed maturation stage maximum effi- 
Rubisco activity
Rubisco activity was determined at the end of the seed maturation stage according to the method of Lobo et al., (2015) and it was spectrophotometrically measured by rate of NADH oxidation at 340 nm (100 Conc UV Visible Spectrophotometer, Varian, California, USA).
In this way the assay buffer consisted of 100 mM bicine, 25 mM KHCO 3 , 20 mM MgCl 2 , 3.5 mM ATP, 5 mM phosphocreatine, 80 nkat G-3-P dehydrogenase, 80 nkat 3-phosphoglyceric phosphokinase, 80 nuked creatine-phosphokinase and 0.25 mM NADH.
Free polyamine contents and polyamine oxidase activity
From the starting day of the spraying, with the 7 day intervals, free polyamine contents were determined by the procedure of Aziz and Larher (1995) with a slight modification. leaves (500 mg) were homogenized in 1 ml 6% (v/v) cold perchloric acid, after that 
Antioxidant enzyme assay
Leaf samples (0.5 g) were homogenized with 3 ml ice- bance at 420 nm due to the formation of guaiacol oxidation. POX activity was analyzed for 2 min in a solution including 2.5 ml of 50 mM potassium phosphate buffer (pH 7.0), 1 ml of 1% guaiacol, 1 ml of 1% H 2 O 2 and 0.3 ml of enzyme extract (Gueta-Dahan et al., 1997) . The enzyme activity was estimated using the extinction coefficient of tetra-guaiacol, an oxidation product of guaiacol. In this study ascorbate peroxidase (APX) activity was measured spectrophotometrically by monitoring the decrease in absorbance due to ascorbate oxidation at 290 nm (Nakano and Asada, 1981) . The assay solution included 0.1 mM EDTA, 2.5 ml of 50 mM potassium phosphate buffer (pH 7.0), 1.2 mM H 2 O 2, 1 mM sodium ascorbate and 0.1 ml of enzyme extract. One unit of superoxide dismutase (SOD) activity was defined as the amount of enzyme in a sample solution affecting 50% of the maximum inhibition of nitro blue tetrazolium (NBT) reduction. Catalase (CAT) activity was analyzed by monitoring the loss of H 2 O 2 at 240 nm (Aebi, 1984) . The reaction mixture comprised of 1 mM EDTA, 2.5 ml of 50 mM K-phosphate buffer (pH 7.0), 0.2 ml of 1% H 2 O 2 and 0.3 ml enzyme extract. Polyphenol oxidase (PPO) activity was determined following the procedure of Kumar and Khan (1982) . Total soluble protein content was estimated by using bovine serum albumin (BSA) as a protein standard according to Bradford (1976) . Fresh leaf samples (1 g) were homogenized with 4 ml Na-Phosphate buffer (pH 7.2) and then centrifuged at 12,000 g at 4 °C. Supernatants and dye were pipetted into cuvettes and absorbance was noted using a UV-vis spectrophotometer (PG instruments T80) at 595 nm.
Lipid peroxidation, hydrogen peroxide, singlet oxygen contents and membrane stability index
Lipid peroxidation in leaf tissue was determined by measuring malondialdehyde (MDA) (Heath and Packer, 1968 ). The leaf tissues (100 mg) were ground in 2.5 ml of trichloroacetic acid (0.1%, w/v) and homogenates centrifuged at 15,000 g for 10 min at 4 o C. An equal volume of supernatant and 0.5% thiobarbituric acid (TBA) were added to 20% TCA, followed by heat-ing at 96 °C for 30 min, and then cooled in ice for 5 min. The absorbance was recorded in 532 and 600 nm.
The hydrogen peroxide content of the samples was measured after reaction with potassium iodide (KI) according to the methods described by Velikova et al., (2000) .
Fresh samples (1 g) were homogenized in 5 ml of 0.1% trichloro-acetic acid (TCA), and centrifuged at 12,000 g for 15 min. A 0.5 mL of the supernatant was added to 0.5 mL of K-phosphate buffer (10 mM, pH 7) and 1 mL of 1 M KI. Finally, the absorbance was noted at 390 nm.
The content of O 2 •− generation was determined according to the method of Wang and Jiao (2000) .
Membrane stability index (MSI), was calculated by
recording the electrical conductivity (EC) of leaf tissues in double distilled water at 40 °C (EC1) and 100 °C (EC2) as described by Belkhadi et al., (2010 by atomic absorption spectrophotometry (Shimadzu AA-7000, Kyoto, Japan).
Grain yield
At maturity stage, the plants at 1 m 2 of the middle part of each plot were separately harvested and grain yields per unit area were recorded.
Analysis of variance
The data were subjected to analysis of variance (ANO-VA) in a split-plot experiment on the bases of random- 
Results
Adenosine triphosphate content
Adenosine triphosphate ( 
Chlorophyll content index
Chlorophyll content index (CCI) with increasing days after spraying (up to 32-45) did not significantly (P 
CSI
Irrigation intervals
Control Putrescine Spermidine Spermine Figure 3 . Chlorophyll stability index (CSI) in mung bean plants exposed to different water supply (irrigation after 70 and 170 mm evaporation from class A pan) and polyamines treatment (0 and 0.1 mM). All values were averaged of two years. Different letters indicating a significant difference at P ≤ 0.05.
Chlorophyll stability index
The interaction effect of water stress and polyamine 
Rubisco activity
Initial rate of rubisco activity significantly reduced under water stress condition (170 mm). Also, this enzyme activ- 
Polyamine oxidase activity
The activity of polyamine oxidase increased with growing days after last spraying of polyamines.
Water deficit significantly (P ≤ 0.01) increased the polyamine oxidase activity. According to our results, foliar application of polyamines initially reduced the polyamine oxidase activity in mung bean leaves, but with rising days after last spraying time, the activity enhanced. Spraying of 
DW) DALS
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Control Putrescine
Spermidine Spermine Figure 6 . Changes in free polyamine contents in mung bean leaves under different water supply (irrigation after 70 and 170 mm evaporation from class A pan) and polyamines treatment (0 and 0.1 mM) days after the last spraying (DALS). All values were averaged of two years.
Free content of polyamines
Putrescine, Spermidine and Spermine contents in mung bean leaves significantly increased 10-20 days after last spraying, while different polyamine contents reduced with growing days after last spraying. Under water deficit condition, the endogenous content of polyamines decreased to some extent. Spraying each of the polyamines raised the endogenous contents of aforesaid polyamines in mung bean leaves (Figure 6 ).
Figure 7.
Changes in polyamine oxidase activity in mung bean leaves under different water supply (irrigation after 70 and 170 mm evaporation from class A pan) and polyamines treatment (0 and 0.1 mM) days after the last spraying (DALS). All values were averaged of two years.
Antioxidant enzymes activity
All of the antioxidant enzyme activities significantly 
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Lipid peroxidation, hydrogen peroxide, singlet oxygen and membrane stability index
The Interaction effect of water stress and poly- (Table 3) . Different letters indicating significant difference at P ≤ 0.05
Nitrogen and cation contents in leaves
The interaction effect of water stress and polyamine treatments was significant (P ≤ 0.01) for nitrogen and cation content in the leaves. Nitrogen (N 2 ), potassium
) and magnesium (Mg 2+ ) contents in mung bean leaves under water stress reduced by 24.8%, 31.3%, 46.2% and 24.8% over the control, respectively.
Polyamine treatments significantly (p ≤ 0.01) increased N 2 and all tested cation contents of the leaves in both irrigation levels (Table 4) . Under water deficit conditions, application of Putrescine and Spermidine showed higher content of N 2 (by 12.5% and 6.4%) than Spermine treatment in mung bean leaves, respectively (Table 4) . (Table 4) .
Discussion
Polyamines as a new class of plant growth stimulants play essential roles in a range of developmental and physiological processes such as gene expression (Ebeed et al., 2017) , protein and DNA synthesis, cell division and differentiation, growth and developmental processes such as somatic embryogenesis, organogenesis, dormancy breaking of tubers and in seed germination, development of flowers and fruits and senescence (Liu et al., 2016) .
In the present study, reduction in ATP content (Figure1 ) under water limitation is attributed to decreasing calcium (Ca Figure   1 ). Polyamines, due to their proton sequestering capacity, might accept protons from 'producers' (i.e., PSII, Cytb6f, PSI) and deliver protons to 'consumers'
(ATPase). This may explain why polyamines stimulate ATP synthesis (Ioannidis and Kotzabasis, 2007) .
Chlorophyll content index (CCI) (Figure 2 ), chlorophyll stability index (CSI) (Figure 3) and some of the structural elements in chlorophyll body, such as Mg 2+ and nitrogen (N 2 ) ( Table 4 ) reduced under water stress by increasing oxidative damage (Table 3) .
Polyamines by decreasing oxidative damages of water stress (Table 3 ) and enriching plant cells by N 2 , potas-
and Mg 2+ (Table 4) , increased CCI ( Figure   2 ) and CSI (Figure 3 ) of mung bean leaves.
Photosynthetic electron transport through photosystem II and Fv/Fm was inhibited by water stress (Figure 4) . Moreover, oxidative stress damages under drought stress (Table 3 ) may induce adverse impact on PSII. A significant implication of PSII photoinactivation process is that non-functional PSII reaction complexes, still capturing plastid pigment molecules, may intensify photo-oxidative stress damage to chloroplasts and thylakoid membranes unless excessive absorbed light energy via photosynthetic pigments is scattered safely (Krause, 1988) . Polyamine treatments with increasing antioxidant enzymes (Table 2) under water stress and reducing reactive oxygen species (ROS), reduced oxidative damages to the cell structure (Table 3) Thus, polyamines are likely to play an essential role in photosynthesis because they are capable of reversing stress-induced impairment in photosynthetic systems (Sfakianaki et al., 2006) .
Polyamine oxidase is a key enzyme in the polyamines degradation in plant cells. Under severe water stress, decreasing polyamines content ( Figure 6 ) can be attributed with increasing activity of this enzyme (Figure 7) , whereas several authors reported an increase in polyamines content under water deficit conditions in cotton (Loka et al., 2015) and rice (Yang et al., 2007) .
Application of polyamines by reducing polyamine oxidase activity (Figure 7 ), increased endogenous Putrescine, Spermidine and Spermine contents of mung bean leaves ( Figure 6 ). Increasing polyamine oxidase activity under water stress is related to the rising gene expression of this enzyme under water stress (Li et al., 2015) . Polyamines with amending adverse effects of deficit water stress reduced polyamine oxidase activity of mung bean leaves (Figure 7 ).
Enhanced antioxidant enzyme activities under water stress (Table 2) can be attributed to elevated hydrogen peroxide (H 2 O 2 ) and singlet oxygen (O 2 •− ) contents of mung bean leaves (Table 3) . In this condition, usually plants raised their antioxidant activities for scavenging ROS. Improved antioxidant activities with polyamine treatments (Table 2 ) are related to improving molecular signaling to confer adaptive responses of plants under water stress (Toumi et al., 2010) . Moreover, application of polyamines by rising endogenous content of polyamines ( Figure 6 ) of mung bean leaves improved antioxidant enzyme activities (Table 2 ).
Previous reports suggest that polyamines can act vital roles in stabilizing membranes, scavenging free radicals by increasing antioxidant activities (Velikova et al., 2000) . Also, polyamines through reduction in ethylene synthesis and decrease in leaf senescence im- (Table 3) are linked with excessive ROS produced by inhibition of electron transports specially on the photosystem II system (Figure 4 ) and enhanced the hill reaction under severe water stress (Bradford and Hsiao, 1982 (Table 4) through improving root growth and development and adjusting water potential in plant cells (Gill and Tuteja, 2010 ). Moreover, enhanced N 2 content in mung bean leaves may be attributed to rising nitrate reductase activity by polyamines (Singh et al., 2002) . The decreased grain yield of mung bean plants under water stress (Table 4) is associated with negative effects of water stress on physiological and biochemical activities under such conditions (Figures 1-7 and tables 3 and 4). Polyamine treatments increased grain yield (Table 4 ) with alleviating adverse effects of water stress on most of the physiological traits.
Conclusions
The results indicate that polyamines improved grain 
